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The equilibrium structure of ErQ(n=<6) complexes in crystalline silicon has been investigated by density-
functional computations. Two different geometries have been considered, corresponding to the substitutional
and tetrahedral interstitial site for erbium. All atomic coordinates have been optimized by Car-Parrinello
molecular dynamics. The resulting structures have low symmetry, with E-O distance®.86 A. The
substitutional site is the most stable one fiege2, while the tetrahedral interstitial is favored for-2.
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The low luminescence efficiency of crystalline silicon of popular DF approximations in dealing witkelectron sys-
represents a major roadblock in the increasing integration aems, and partly because of the complexity and cost of these
electronic devices with optoelectronic componémsprom-  computations.
ising route to overcome this limitation involves the incorpo-  Although the limitations of local and semilocal DF ap-
ration of rare-earth centers, able to provide a large enhanc@roximations in describing the electronic structure of
ment of the luminescence efficienty. f-electron systems are well documenfeal growing number

In the last few years, the attention has been focused off computations has shown that structural properties can be
erbium doping, which gives rise to a sharp luminescence linélescribed by these methods at an acceptéditbough far
atA=1.54 um, due to the 51,155, transition in the 411 from excellen} level of accuracy. o
shell of EF*. From the application point of view, this tran- Ve applied a gradient corrected DF approximation to the
sition presents two crucial features: it is nearly independenf?vestigation of structural properties of Er and Ef-( up
of the local environment, since it occurs in electronic stated® 8) complexes in silicon. Our study extends that of Ref. 6,

strongly localized around the ¥r core; it matches very ngggnly tbe;?us:e \I’Vf SOES'(;e; thte tl)Er;ot):ygen complgxeisdln
closely to the optimal transmission frequency of silicon gj-addition fo the isolated Er detect, but because we inciude

oxide waveguides. Extensive experimental investigationT?XpIiCitIy the f electrons in our computation, we consider
(reviewed in Ref. 2 and Ref)ave highlighted the role of arger systems, and we optimize the atomic positions without

d ts in th i d stabilizati f ohotol .introducing any symmetry constraint. The results identify the
co-dopants in the preparation and stabilization ot photoluMityierant equilibrium structures of the system as a function of

nescent samples: highly electronegative eleméisF, and,  qy4en concentration, and provide useful insight for the in-
to a lesser extent, also N and {@crease the optlcal activity terpretation of the experimental data.
of the Er centers, decrease ther.mal' quenchlng of the lumi- The computation of the DF total energy as a function of
nescence, and enhance the equilibrium solubility of Er welkhe atomic coordinates is performed using a recent gradient
above the limit for pure silicon. The optimization of these corrected approximation for the exchange and correlation
effects requires the precise determination of the structure Q:fnergy? This same approximation provided excellent results
Er centers, as well as its dependence on the concentration fifr silical® as well as for a variety of covalent and ionic
co-dopants and on sample preparation. Unfortunately, theystems: and therefore we expect that it will describe reli-
available experimental information is far from being com- ably both the Si-O bonds, and thainly Coulombig inter-
plete and unambiguous, since low Er solubility and disordeactions of Er.
prevent the application of the most powerful structural deter- Only valence electrons are included in the computation,
mination tools. Moreover, these systems are usually proand their interaction with the atomic cores is described by
duced by ion implantation followed by annealing, and kineticsoft, norm-conserving pseudopotentiglsAll computations
effects play a major role in determining the sample qualityinvolve a single Er atom anaoxygens =0, .. . ,6)within
and structure. Different experiments, however, agree on tha simple cubic supercell containing 64 Si atoms for the in-
fact that in pure Si the Er-Si first coordination shell has aterstitial complexes, and 63 Si atoms for the substitutional
radius of 3 A, while in the presence of oxygen Er is coor-case. Periodic boundary conditions are applied. The compari-
dinated by 4-6 O atoms, with an Er-O distance of son of total energies is carried out by adding to the substitu-
~2.27 A4 tional case(63 Si atomg the total energy of the missing
Theoretical and computational methods could play a maSi atom, considered in equilibrium with a perfect silicon
jor role in elucidating structural features for this system. Acrystal.
pioneering application of density-functionéDF) methods The Brillouin zone of the supercell is sampled at the
to the determination of the Er equilibrium position in crys- I'-point only’® and the Kohn-Sham orbitals are expanded on
talline Si was reported in Ref. 6. Unfortunately, this first a basis of plane waves with a kinetic-energy cutoff of 120
investigation was not followed by more extensive studiesRy, with a corresponding cutoff for the electron density of
partly because of the widespread skepticism on the reliabilityy80 Ry. Convergence has been tested by performing compu-
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tations for a few selected samples using 140 Ry. Energy difthe lattice constant by 2.898,an error that can be considered
ferences are reproduced to better than 0.05 eV, and boratceptable given the complexity of the system.
distances change less than 0.01 A. The combined effect of Er, O, and Si ionic bonding, of
For each sample, the total energy is minimized with re-deviations from the natural stoichiometry of these elements,
spect to the atomic coordinates, using quenched moleculand of the relatively small simulation supercell raise the
dynamics in the Car-Parrinello implementatidn. problem of the most appropriate charge state for our samples.
The lattice constard, of each (ErQ)-Si supercell is de- The results reported below have been obtained with neutral
termined by minimizing the energy. An isolated impurity, of samples. Energy and structural differences for different
course, does not change the lattice periodicity, and an equallghoices of the total charge have been computed in a few
justifiable choice would be of keeping constant the latticecases, and found to be small.
parameter of the supercell at the crystal silicon value. Our The Er atom has 12 electrons in the incompleteshell,
choice of optimizing the volume implies that our results areand the population of this level decreases te lih the + 3
strictly valid for systems at the doping concentration of 1oxidation state. The Er ion, therefore, has a net spin moment.
Er/64 Si atoms. However, the volume relaxation is small, andHowever, our computations have been done within the spin
we think that the results of the present computation are validestricted approximation, assuming that the strong localiza-
for the entire range of low Er and O concentrations relevantion of the 4f shell limits the influence of spin on bonding.
for applications. This assumption has been tested by two explicit computa-
Previous computations for Er in pure sili¢oadopted a tions for an isolated Er and for the ErO complex in silicon,
very simple pseudopotential, including only the électrons  again showing only minor changes with respect to the spin
in the valence charge. Different oxidation states2( and  restricted computation.
+3) were accounted for by using ionized configurations in  The total energy and structure of EfGomplexes in crys-
the pseudopotential generation, and total energies computédalline silicon has been determined by relaxing initial con-
with different pseudopotentials were compared by includindfigurations suggested by experimental data and by previous
an empirical correction. The drastic improvements in com-computational studie$The local stability of the resulting
puter performances and numerical implementations of theonfigurations has been tested by simulated annealing cycles
last ten years now allow us to include thé dlectrons in the reaching a temperatufe~1000 K, and lasting a few ps.
valence charge. These electrons do not play a ndiject For the isolated Er impurity, we considered the substitu-
role in the bonding of Er. Nevertheless, their inclusion in thetional configuration Ts), as well as the interstitial sites of
valence charge allows the system to adopt the most favorabtetrahedral T;) and hexagonalH;) symmetry. The substitu-
oxidation state, and, more importantly, it provides an unbi-ional site (Ts) turns out to be the most stable one; the energy
ased description of the short-range screening of the Er cationf the T; and H; sites being 0.5 eV and 0.7 eV higher, re-
Test computations for the Er atom in the ground state andpectively. The equilibrium position of Er is displaced with
in the lowest energy excited states have shown that the emespect to the ideal one by 0.70 A, 0.30 A, and 0.31 A for
ergy and radius of the [ shell (that is unoccupied in the theTs, T;, andH; cases, respectively. Also the silicon sub-
atomic ground state, but, together with the shell, plays a lattice appears to be locally deformed, as apparent in Fig.
role in the formation of Er-O bonglss very sensitive to the 1(a), illustrating the relaxed geometry of tfiig case. In the
details of the pseudopotential generation. The uncertainty ofirst coordination shell, the displacements of the Si atoms
the most appropriate reference state was not satisfactoriliyom their ideal lattice position are comparable to those com-
removed even by using the scheme proposed in Ref. 15 tputed for Er, i.e., of the order of 0.5 A. In all cases, defor-
deal with 4 atoms. The detailed analysis of the Er atomicmations are consistent with a repulsive interaction between
orbitals has shown that the problem arises because of larger and Si at the distances imposed by the Si lattice. This size
relaxations in the underlyinggbstate upon changing thef4 mismatch is probably the reason of the low solubility of Er in
population, that, in turn, are due to a substantial overlap oSi, and could also explain the relative energy of The T;,
the 4f and 5 shells. For these reasons, we included also theand H; sites, since the Er nearest-neighlfbiN) distances
5p shell in the valence charge. The fevel is 1Ry lower in  (d[Er—Si]=2.91 A, 2.60 A, and 2.55 A , for th&,, T;,
energy than the j», and is considered a core state. To ac-and H; sites, respectivelydecrease in parallel with the de-
count for its spatial overlap with bothpsand the 4, non-  creasing stability of these geometries. We notice that the NN
linear core correctiortd are included. With this last addition, Er-Si distance in theT, site is close to the experimental
the pseudopotential is able to reproduce fairly well the allestimates.
electron results for the energy and spatial localization of the Our results contrast with those of Ref. 6, predicting a
lowest energy excited states of the Er atom. Quantitativeetrahedral interstitial ground state. We do reproduce the re-
discrepancies are still present, underlining the difficulty ofsults of Ref. 6 if we adopt the same reduced pseudopotential,
building fully reliable pseudopotential models fbelectron  and therefore we attribute the disagreement to the different
atoms® The pseudopotentials for O and Si have been prochoice of the pseudopotential.
duced following standard and extensively tested procedures, Starting from the relaxed configurations for the isolated
and have already been used in several other computationsnpurity, we progressively added oxygen atoms in the vicin-
The method has been tested by computing the total energy &y of Er, selecting initial oxygen positions that avoided close
a function of volume for E4O3 in the structures identified in  contacts with other atoms, but that were otherwise unbiased.
Ref. 18. The results show that the computation overestimatgsor eachn and for each Er site, several initial configurations
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FIG. 2. Total energy differencAE=E,,[Ts]—E;[Ti] be-
tween theT g and theT; sites as a function of oxygen coordination

For n>2 the Er-O distances display also significant fluctua-
tions, ranging from 2.19 A to 2.42 Kaverage distance
2.33 A) in the case of ErQat T, and from 2.25 A to
2.45 A (average distance 2.35 A) for tfig site. Both the
average distance and the distance fluctuations increase
slightly but monotonically with increasing, pointing to a
saturation of the Er-O effective attraction with increasing O
coordination.

At the oxygen concentration corresponding to experi-
ments 6=5), the computed distances overestimate the ex-
perimental Er-O separations by almost 4%. Part of the dis-
crepancy simply reflects the overestimation of the lattice
constant of crystalline EO; (see above The remaining dis-
crepancy -1%) does not have an obvious explanation.

In a few cases, simulated annealing runs did provide
qualitatively different geometries, with average Er-O dis-
tances (2.28 A) shorter than those reported above, and

FIG. 1. Equilibrium geometries for selected Er€enters in Si: ~ closer to the experimental data. The energy of these struc-
(@ n=0, T, site; (b) n=1, T, site; (c) n=6, T; site. Er is repre-
sented by the large white circle, oxygen by black circles, while the 20 ‘ i — ‘ i i ,
gray circles are Si atoms. ’ i

have been considered. The sequence originated from the hex- 10| Er0¢ ,__-—'J 1 £

agonal interstitial site consistently displayed higher energies
than in the other two cases, and therefore we did not con-
tinue it beyond two O neighbors. We focused instead on the ‘ g ‘ .
other two sites, that have been investigated for complexes - T
with up to six oxygen atoms. 51 & |

The energy difference between tfig and T, sites is re- = 10 ErO _;“" 1 I,-f |
ported in Fig. 2 as a function of oxygen coordination. It is “ r o
apparent that the slight energy advantage found for the iso- 51 i
lated Er in theT site vanishes fon=2, and at highen’s i o
the T; site is energetically favored with respectTg. 0 ‘ ' T ‘ ' T

In both sites, the progressive inclusion of oxygen gives 151 i1 .
rise to large local distortion of the Si lattice and to disorder, 10 Fr
as can be seen in Fig.(H),(c), and inferred from Fig. 3, I .--i; T I 1
reporting the O and Si coordination number as a function of 5] f i
distance from Er. This last figure shows that the Si lattice
deformation extends over a wider range in Thecase, while 0 — ‘ —

it is confined to the nearest-neighbor shell gr. This dif-
ference could be at the origin of the observed energy trends.

In all cases, the local coordination of Er does not have any FIG. 3. Running coordination numbét(r) for Er in the T
apparent symmetry, apart from the fact that, for the highesfleft) and T; sites (right). Full line: oxygen atoms. Dash line: Si
n's, O atoms tend to form an approximately isotropic shell.atoms.
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tures, however, was significantly high@ay at least 0.8 ey The comparison is less stringent for what concerns the
than that of the geometries described above. type (either T or T;) of the equilibrium complexes, since

In conclusion, the equilibrium geometry of Ef@0<n  different experiments give contradictory results, suggesting
<6) complexes in crystalline silicon has been investigatedhat kinetic effects are crucial not only for the short anneal-
by DF computations. Structures with Er in thg, T;, and  ing runs allowed by simulation, but also on the time scale of
H; sites have been considered as starting point for extensivexperiments. The sizable energy differences betweefT {he
geometry optimizations. At low oxygen concentration ( andT; sites, however, enhance our confidence in the compu-
<2) the T, site provides the most stable configuration. Attational identification of thequilibriumgeometry, especially
higher oxygen content, th§; site becomes the most stable at the highest O concentrations, that are the most relevant for
site. TheH; site appears to be higher in energy than eitherexperiments and applications. We underline that these energy
the Tg and T, cases. In all cases, the local O coordination ofdifferences are computed for systems with very similar
Er displays low spatial symmetry. chemical character, for which errors due to the exchange-

Because of the strong directionality and stiffness of the Storrelation approximation or to the pseudopotential are ex-
and O covalent bonds, we do not expect that our limitedpected to be nearly equal.
annealing runs are able to overcome significant energy bar- The inherent limitations of the DF method prevent a di-
riers, progressing much beyond the local minimum in therect discussion of photoluminescence efficiency for this sys-
potential energy surface closest to the starting point. Nevetem. Nevertheless, our computations provide indirect infor-
theless, our strategy avoids the most unstable configurationg)ation relevant for photoluminescence. For instance, the
and the structures we find should be representative of thosgpparent distorsion in the local Er environment, that becomes
present in experimental samples. more important with increasing O concentration, implies that

Comparison of our results with experimental data showghe radiative de-excitation of thg,— 1,5, transition is pro-
that our method overestimates Er-O distances by @86  gressively less affected by symmetry restrictions. The real
Er,05) to 4% (for the highest coordinated complexeSimi-  value of our computations, however, is to provide additional
lar discrepancies are not uncommon for DF computationslata to tune microscopic models for the structure, stability,
involving rare-earth atoms. Further computations are irand optical properties of this system.
progress to clarify whether the discrepancy is due to the
pseudopotentials or to the exchange-correlation approxima- We are grateful to F. Priolo and G. Fran@atania, Italy
tion. for motivating our study and for useful discussions.
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